objective To describe engagement along the HIV continuum of care using a large network of clinics in Zambia.
Introduction
Antiretroviral therapy (ART) has become available to an increasingly large number of patients in resource-constrained settings. In 2014, the Joint United Nations Programme on HIV/AIDS reported that as many as 7.5 million people in sub-Saharan Africa had initiated ART [1] , a 50-fold increase over the past decade. Access to HIV treatment, however, must be accompanied by longterm retention in care if the expected public health gains of ART are to be fully realised. Interruptions in HIV care may lead to antiretroviral drug resistance, horizontal transmission and disease progression. To minimise such adverse outcomes, HIV-infected individuals must enrol in a health facility, initiate ART in a timely fashion and adhere to long-term treatment [2] [3] [4] . Routine monitoring of such outcomes is the first step to optimising individual and health systems level interventions to enhance programme outcomes [5, 6] .
The 'HIV treatment cascade' is a conceptual framework that systematically characterises patient engagement along the HIV care continuum. Developed initially to describe HIV services in the U.S. [7, 8] , the concept of the cascade has gained prominence in the global HIV literature and has been used to evaluate programme performance in various settings. Many studies have examined individual steps along this cascade in the high HIV prevalence, resource-constrained settings where ART expansion has been greatest [9, 10] . Missing from the current literature, however, is a practical approach to the HIV treatment cascade for resource-constrained settings, where the types of available data are limited compared to U.S. and other developed countries [11, 12] . In this report, we propose such a construct, using programmatic data from a large HIV care and treatment programme in Zambia.
Methods

Clinical care
In this analysis, we describe the HIV treatment cascade among patients seeking care in the Lusaka, Southern, Eastern and Western Provinces of Zambia from 2004 to 2014. We have previously described the clinical care provided at these public health facilities [13, 14] . HIV treatment services are guided by national guidelines set forth by the Zambian Ministry of Health, which closely reflect recommendations made by the World Health Organization (WHO). As such, eligibility criteria for initiating ART have evolved over time. In 2004, for example, ART eligibility was reserved for HIV-infected individuals with CD4 cell counts <200 cells/mm 3 , with CD4 cell counts <350 cells/mm 3 and WHO stage 3, or with WHO stage 4 disease. Starting in January 2011, the eligibility criteria were updated so that all HIV-infected individuals with CD4 cell counts less than 350 cells/mm 3 or with WHO stage 3 or stage 4 were to initiate ART. Since April 2014, new policies from the Zambia Ministry have further raised the CD4 threshold for ART eligibility to 500 cells/mm 3 . We have observed a similar evolution in first-line ART regimens. At present, HIV-infected adults initiating ART receive a combination regimen of tenofovir, lamivudine or emtricitabine, and efavirenz. Protease inhibitors are reserved for second-line regimens and rarely used at time of ART initiation. Treatment response has been primarily monitored by clinical and immunological status, although virological testing is available in certain settings and based on specific circumstances [15] . HIV care for much of the country is provided by mid-level clinical practitioners, with complicated cases referred to the few advanced treatment centres nationwide.
HIV treatment cascade
The HIV treatment cascade helps monitor patient outcomes and overall programme performance [7, 8, 16] . For a number of reasons (e.g. anonymous and unlinked HIV testing, poor access to viral load monitoring), we modified the prevalent treatment cascade framework for HIV clinical care in Zambia. Specifically, we used available programmatic data to show the following steps: (a) enrolling in HIV services, (b) being assessed for ART eligibility, (c) being eligible for ART, (d) initiating ART, (e) alive and remaining in care for 90 or more days, (f) alive and remaining in care for 360 or more days, (g) alive and remaining in care for 720 or more days. The first two steps (steps a and b) apply to all HIV-infected individuals seeking care at government-approved ART programmes. The remaining five steps of this cascade (steps c-g) focus only on ART-eligible patients. Noting that the days in ART programme have been described by applying thresholds (90, 360 and 720), further research on critical thresholds for long-term retention may provide evidence for alternative divisions. Nonetheless, our choices provide diverse look at short-to long-term retention. Because virological monitoring is only available on a very limited basis, we used patient retention at approximately 2 years (i.e. 720 days) as our primary indicator of long-term programme performance. These steps are shown in greater detail in Figure 1 .
Data collection and statistical analysis
To construct the HIV treatment cascade, we included data from ART programme sites across four Zambian provinces. These longitudinal, individual-level data were originally collected in the SmartCare electronic medical record supported by the Zambian Ministry of Health [17] , but de-identified and exported for analysis. All clinics that are electronically tracked in the SmareCare database are considered in this analysis. We considered HIV-infected children and adolescents (6-16 years) and adults (17 or older) . Note that we analysed these two groups separately and altogether. Because of their different ART eligibility criteria, those under 5 years of age were excluded. To be included in this analysis, a facility had to have at least 300 HIV-infected patients (>5 years old at enrolment) by the data freeze date; this was deemed the minimum number required to have reasonable site-level precision. At the same time, these criteria eventually remove 102 patients (0.022% of total), that do not influence our overall estimates.
ART eligibility was based on the prevailing guidelines at the time of enrolment into HIV care. Severity of HIV disease was assessed by CD4 counts and WHO clinical stage around the time of ART eligibility assessment. When a record of CD4 count did not exist on the day of staging, a nearest record of CD4 count, within a window of 30 days before and after the day of staging, was used to assess eligibility. Assessment of ART eligibility was defined as having such records within 180 days of enrolment. In cases where data about CD4 or WHO clinical stage was missing -but the health provider initiated ART -we deferred to the clinician's judgement and discretion. Again, initiation of ART had to occur within 180 days of eligibility determination in order to be considered. We recognise that these 180 days represent a broad interval for capturing ART eligibility and initiation. However, due to the linear nature of our continuum frameworkwhere individuals classified as lost to follow-up cannot 're-enter' the cascade -we adopted this more inclusive threshold to minimise misclassification.
When calculating the percentage of patients retained at each step along the treatment cascade, we ensured that all patients included in the denominator were active 180 days after the threshold date. Using the same approach, the ART programme retention at t = 90, 360 or 720 days was calculated using patients who started ART early enough (data freeze date -t) and had 180 days to make the follow-up appointment (additional 180 days). For example, given our data freeze date of 31 December 2014, the percentages of patients who remained in ART programme at 90, 360 and 720 days were calculated among patients who enrolled prior to 5 April 2014, 9 July 2013 and 14 July 2012, respectively. We considered clinical, laboratory and pharmacy visits in determining programme retention.
Attrition at each step of the cascade could be due to a number of reasons, including death, transfer to different health facility, withdrawal from care or loss to follow-up (LTFU). Because of the inherent limitations to these data, we were not able to delineate the separate causes of attrition, as has been proposed by others [18] . According to the national guidelines, facility staff should contact patients who are over 60 days late for a missed appointment [19] , but in reality local practices varied greatly. Given the breadth and scope of this analysis, we were unable to collect more detailed information about contact tracing across different sites and over different time periods.
To characterise patient engagement over time, the patient population from all facilities was stratified into 'annual cohorts' based on individual patients' enrolment dates. We grouped patients who had enrolled in HIV care during a given calendar year and followed each annual cohort onwards for each step of the cascade. Multiple annual cohorts were visualised over time and compared to reveal temporal trends of programme performance. We included a pooled estimate for each cascade step, as well as site-level estimates to illustrate variation from facility to facility. We also conducted stratified analysis based on sex, geographic location (i.e. provinces) and CD4 count at enrolment. 95% confidence intervals (CI) for each point estimate were calculated using a generalised linear model with a logit link function that accounted for clustered sampling at the health facility level. To minimise uncertainty in our facility estimates, we include only those sites with at least 30 new enrolments for a given calendar year. Statistical analyses were conducted using the R statistical programming language (Version 3.1.1, The R Foundation for Statistical Computing, Vienna, Austria).
Ethical approvals
These data are collected for routine medical care as part of the SmartCare electronic medical record; as such, individual patient informed consent was not required. Analysis of de-identified programme data was approved by the University of Zambia Biomedical Research Ethics Committee (Lusaka, Zambia), the University of North Carolina Institutional Review Board (Chapel Hill, NC, USA) and the Zambian Ministry of Health (Lusaka, Zambia). Table 1 .
Results
From
We constructed the HIV treatment cascade based on pooled data for all health facilities (Figure 2 ). In the first step of the cascade, which considered all HIV-infected patients enrolled in care, 82.1% (95% CI: 79.4-84.5%) were fully assessed for ART eligibility within 180 days of enrolment. Of these, 271 608 (63.6%, 95% CI: 61.7-65.3%) were found to be eligible for ART based on the HIV treatment guidelines at the time. Of those, 81.1% (95% CI: 79.5-82.7%) initiated ART within 180 days.
ART programme retention was calculated at 90, 360 and 720 days. We restricted the analysis to those patients who had adequate periods of follow-up time (i.e. 180 days) after each respective threshold. Among 145 437 patients who met this minimum follow-up time for 90 days, 81.2% (95% CI: 80.4-81.9%) remained in Figure 2 ). We then performed stratified analyses based on geographic region, age, sex and enrolment CD4 count ( Figures S1-S4 ). When stratifying HIV facilities based on four provinces (Lusaka, Eastern, Southern and Western), we found that a greater proportion of patients treated in the Lusaka Province were assessed for ART eligibility, compared to other provinces ( Figure S1 ). Children appeared to have better long-term engagement in HIV care than adults ( Figure S3 ). We then examined the temporal trends for each step for the HIV treatment cascade. We examined each annual cohort, both in pool analysis and by facility (Figure 3) . The sizes of annual cohorts are presented as proportional black circles that demonstrate substantial growth since the programme launch in 2004. Interestingly, we noted a steady decline in 2011-2014 for those assessed for ART eligibility and those deemed eligible for ART. This may have been related to CD4 count at enrolment, which appeared to increase steadily over the observation period ( Figure S5 ). The proportions that started ART and remained in care over time remained relatively consistent.
Discussion
In this report, we characterise the HIV treatment cascade across 75 facilities over an 11-year period in Zambia. We show key points of attrition along the continuum of HIV care, identifying areas in need of intervention and further programme focus. Our evaluation of temporal trends provides insight into programme performance in the context of changing HIV treatment guidelines and increasing health systems demands. This simple approach to programme evaluation can be replicated in other settings.
Results from our pooled analysis are consistent with other studies from sub-Saharan Africa. McNairy et al. reported comparable point estimates for ART initiation (70%) and ART retention at 12 months (78%) when they constructed an analogous HIV treatment cascade using data from Kenya, Mozambique, Rwanda and Tanzania [19] . In systematic reviews of African cohorts, Rosen and Fox reported a median of 59% (range 35-88%) among 10 studies from HIV testing to eligibility assessment and a median of 68% (range 14 Step along the treatment cascade 14 studies from ART eligibility determination to ART initiation [9] . In a separate systematic review of 32 studies, Rosen et al. estimated a 2-year retention of 62%, similar to our results here [10] . One key feature of our analysis was the stratification of our patient population by year of enrolment and longitudinal follow-up of these 'annual cohorts'. We observed relatively stable estimates over time for ART initiation, 90-day retention, 360-day retention and 720-day retention. More concerning was the declining proportion of patients assessed for eligibility over time, which dropped to under 75% for the 2013 cohort. Given its temporal relationship with increasing clinics and patient volumes, it could be related to an overburdened health infrastructure. This may be particularly true in the case of CD4 screening, where the expansion of laboratory services (including timely results reporting) may have lagged behind an increasing demand for HIV services. Tracking of these temporal trends should continue, particularly in the face of evolving national HIV guidelines. Results from the START trial suggest that the initiation of ART may have significant health benefits, even for asymptomatic patients with high CD4 counts [20] . Following the WHO recommendation of ART initiation irrespective of clinical disease stage or immunological status [21] , the Zambian Ministry of Health announced its own policy for universal ART. The increased volume of patients initiating ART could threaten programme performance and negatively affect the HIV continuum of care for all HIV-infected patients.
Ascertainment of transfers, withdrawals and deaths varied between the sites included in our analysis. As programmatic data typically do not include reasons for attrition, greater investments in contact tracing and vital registries could have a direct and positive impact on our ability to classify those who drop out of care [22] [23] [24] . Intensive, sampling-based approaches also hold promise in this regard. Geng et al. have implemented such a methodology in numerous African settings [25] [26] [27] , including an ongoing study in Zambia [28] . Our practical approach to evaluating patient engagement contrasts the 'comprehensive HIV care cascade' proposed by McNairy, et al. Although both use a cohort-based approach, the comprehensive HIV care cascade classifies different outcomes as optimal, suboptimal and poor to describe programme performance [18] . The inclusion of patients not yet eligible for ART is a key addition of the comprehensive cascade. As HIV policy moves towards universal HIV treatment [21] , this distinction could lose its prominence, because all HIV-infected individuals would be eligible to initiate ART. Our focus on simplicity and routinely available data may have inherent limitations. First, the scope of our treatment cascade was constrained by the types of data available in a routine programmatic setting. We were unable to describe linkages between HIV testing and HIV care at our target facilities. Although this has been an area of emphasis for the Zambian Ministry of Health, data systems are not fully aligned to capture individual-level data across different health venues. Similarly, because of the poor accessibility of HIV RNA PCR testing nationwide, we were unable to describe the proportion of individuals with virological suppression, an objective measure of ART adherence. Second, we conceived the HIV treatment cascade as a linear process, but this may not reflect the reality in the field. Hallett and Eaton described possible 'side doors' to ART initiation that might sidestep the traditional progression (e.g. presentation with advanced clinical symptoms, previously dropping out of clinical care) [29] . Such dynamics were not considered in this framework because of their added complexity. Instead, we permitted a wide window period (i.e. 180 days) after each specific visit in which patients could return. This approach minimised wrongful categorisation of active patients as lost to follow-up; however, it may have incrementally elevated our retention estimates as well. We also recognise that a proportion of patients who re-engage in HIV care may do so at new facilities -with newly assigned medical record numbers -which may be difficult to capture with routinely captured observational data. Unfortunately, we were unable to account for these individuals in our analysis. Finally, challenges to data quality that often accompany electronic medical records could lead to biases. For example, poor operational linkages between service providers and data entry staff at the health facility could lead to incomplete/missing data, which in turn could overestimate the proportions that dropped out of care.
In summary, patient engagement in HIV care remains a top priority for sustainably managing the global HIV epidemic. We present programmatic data from a large HIV treatment programme in Zambia, demonstrating temporal trends for each step of HIV treatment cascade. The development of such tools can be of great assistance to front-line providers and programme managers seeking to improve the quality of clinical care at health facilities. In order to be effective, however, such data must be integrated in routine care and used to guide programme improvement efforts.
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